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Manufacturing in Miami
Compound Semiconductor Manufacturing
Technology conference (CS ManTech), for-
merly GaAs ManTech, travelled this year to
Miami Beach with its expanded name and
mandate to include gallium nitride and other
compound materials. It also sponsored a
competition to design a new logo to cover its
wider application range. But results will
have to await the executive committee meet-
ing in July. Attendance and exhibitor totals
increased from last year, supported by an
improving economic climate. 
The market outlook for GaAs HEMTs
and HBTs stands to improve for the
next five years in keeping with improv-
ing annual cellphone and hand held
device unit forecasts.There is strong
competition however, which is demand-
ing constant improvement in GaAs IC
performance in order to retain an inser-
tion slot in the shrinking (in size) cell-
phone and other hand held device mod-
ules. Now added to this mix is the
potential for high power gallium nitride
(GaN) amplifier circuits to be able to
satisfy needs of network base stations,
as the operation of GaN power devices
is better understood and as the need for
reliability can be satisfied by the latest
designs. Other compound material sub-
strates, such as gallium phosphide (nor-
mally an LED substrate) indium arsenide
and antimonide, are used to make high
frequency and/or low power ICs.
Gallium Nitride devices
(AlGaN HEMTs)
In the GaN device for wireless infrastruc-
ture application arena, the development
of AlGaN/GaN HEMT and HFET power
amplifiers were reported in the digest of
the papers by institutions as geographi-
cally far ranging as Fujitsu, RF Micro
Devices and The Air Force Research
Laboratory (all working on silicon car-
bide), and Nitronex and a German collab-
orative group, which included Micro GaN
and Ulm and Magdeburg Universities,
which were using silicon substrates.
However, all were seeking to benefit from
the unique performance properties of the
AlGaN/GaN HEMT --- good linearity, high
operating frequencies, high power output,
high power density and high efficiency.
Since the digest was issued, the name of
the Fujitsu device group has been changed
to Eudyna Devices Inc and this develop-
ment is now a cooperative effort between
Eudyna and Fujitsu Laboratories. Its AlGaN
HEMT devices were grown on SiC sub-
strates (see the diagram in Figure 1) and
described by Eizo Mitani as having a
36mm gate-periphery with a 400 micron
unit gate width. In this design, an n-doped
GaN capping layer was introduced into
the device structure to control surface
charges and the source-drain-gate regions
were silicon nitride passivated to improve
stability. On-state breakdown voltages were
in excess of 100V. Single chip amplifiers
have been made with an operating fre-
quency of 2.1GHz for W-CDMA base sta-
tion applications.When operated at a drain
bias voltage of 63V a 150W CW saturation
power operation was obtained, which
increased to a peak power of 174W in W-
CDMA modulation, with power added effi-
ciencies of 54% and a linear gain of
12.9dB. RF stress tests have shown stable
performances in excess of 1000 hours for
the first time with drain-source voltages in
the 30-60V range and a first report of sta-
ble device operation at a 60V bias.
Further progress toward commercial
GaN based RF power amplifiers was also
provided by David Grider from RF Micro
Devices (RFMD), who described the
development of a commercial process
for power amplifier chips by Flow
Modulation MOCVD growth of
AlGaN/GaN HEMTs on 2" and 4" silicon
carbide substrates. He estimates that the
present day total available market for
GaN power amplifier devices is equiva-
lent to 10,000 4"-equivalent wafers per
year and notes that there is a demand for
10,000s of pHEMTs per year. RFMD
already has a vertically integrated 2" and
4" GaN fab on line.Work in progress usu-
ally totals about 50 wafers with a com-
plete cycle time of about 20 days. Silicon
nitride passivation and an optional field
plate are also used in this device design.
Up to 16 mm gate peripheries are used
with a 0.6 micron gate length.and com-
bined with either an air bridge or an
'advanced bump process' for flip chip
mounting to provide adequate heat dissipa-
tion for application or evaluation of these
circuits.Thermal imaging was used to
assess the performance of these devices,
which at 27.8W per 16mm gate are operat-
ing at state of the art power levels.Wide
band, 8W GaN power HEMTs have been
produced with very flat gain and power
across the three major wireless infrastruc-
ture bands (DCS, PCS and UMTS).This
would allow a single amplifier for all three
bands to replace the present day silicon
LDMOS devices and eliminate most if not
all of the air conditioning power costs for
base station operation. Improving the relia-
bility of these power devices is in progress
to ensure complete acceptance of GaN
based power amp chips by wireless infra-
structure design engineers. Development
was performed on in house custom built
MOCVD reactors, but Dave expects com-
mercial production to transfer to commer-
cially built reactors.
Using a field plate version, a device with
over 50% power added efficiency (52.8%
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at Psat) will be offered for silicon LDMOS
replacements in the 28V market.These
devices will operate in the 3 to 4
watts/mm power density range at 2.1
GHz.Amplification is flat over a useful
range and therefore one chip can be used
for a tri-band application (1.8 to 2.2GHz).
A strong interest in power AlGaN/GaN
HEMTs was also demonstrated by the Air
Force Research Laboratory, whose Tony
Quach reported on their development of
a low DC power dissipation GaN amplifier
by MOCVD growth on 4H silicon carbide.
For their X-band application a 0.32 X
300micron gate HEMT with low noise
characteristics was developed for imple-
mentation in future phased array radar
and X-band communication systems.With
a mesa structure and 150nm of silicon
nitride passivation, this LNA had a maxi-
mum drain power density of 1.03A/mm
and a peak transconductance of
269mS/mm at a gate voltage of -3V. From a
military use point of view these chips
have "demonstrated the feasibility of GaN
HEMTs for producing low DC power
LNAs and relatively high power density
power amplifiers" from the same design.
This LNA is believed to have also demon-
strated the lowest power dissipation level
of 7.5mW with a corresponding noise fac-
tor of 1.7dB, 8.3dB gain and 17.7 dB OIP3
at X-band.The same device produced a
power amplification of 30.9 dBm power
out at 10GHz with 39% PAE.These results
were reported to have important implica-
tions for future high frequency systems
that demand increased integration within
a single technology platform.
Other important properties of GaN and
SiC devices are their ability to operate at
high frequencies under harsh conditions
(high radiation levels, high temperatures,
direct use of high application voltages)
that would 'kill' many other semiconduc-
tor devices.Thus, Miroslav Micovic, from
Hughes Research Laboratories (HRL),
described their first generation digital
GaN ICs (logic blocks, comparators, fre-
quency dividers and ring oscillators).Their
growth of AlGaN/GaN HFET devices by
plasma assisted MBE is the first known
report of a process suitable for the pro-
duction of GaN digital circuits.
Its design is based on a semi-insulating
SiC substrate and includes a heavily
doped n+ GaN capping layer (to improve
ohmic contact formation), silicon nitride
passivation, 4 micron source drain spac-
ing, 1 micron optical gates and two layer
metalisation.Varying gate peripheries
were used with the smallest 3 microns
wide and the gate to drain spacings
adjusted to provide higher breakdown
voltages. Since the HFETs are depletion
mode devices, Schottky diodes are used
to shift voltages from the typical -4V
threshold of the devices for the comple-
mentary logic functions.As an example
of the viability of the process, all 31-stage
ring oscillators worked at an oscillation
frequency of 93.6MHz and were also
fully functional at 265°C, a temperature
limited by the test set up.The test oscilla-
tor reverted to its original performance
after cooling to room temperature.
GaN on Silicon
The development of GaN on silicon tech-
nology continues and Allen Hanson from
Nitronex provided an update on their
product development of GaN HFETs,
MOCVD grown on silicon for linear power
amplifiers.A product line also aimed at W-
CDMA and other wireless base stations.
Power outputs are up to 150mW/mm and
are reported to be enabling for commer-
cial GaN on silicon technology. Recently
reported results are a 15W linear power
output under W-CDMA conditions at 28V
bias and a drain efficiency of 39%. Higher
resistivity float zone silicon will be used to
reduce losses to the substrate at higher fre-
quencies and more data is promised for
the MTT Conference in June.
A programme to develop MOCVD grown
AlGaN/GaN HFETs on silicon using an
iron doped AlN buffer layer is on-going in
Germany at the Universities of Ulm and
Magdeburg in cooperation with Micro
GaN GmbH also located in Ulm. Martin
Neuburger, a University of Ulm graduate
student, presented the latest results for a
balanced HFET amplifier produced on
<111> silicon. Martin and co-workers
have now demonstrated a modular GaN
on silicon RF amplifier system.With a
480 micron wide gate geometry, the
devices had an ft of 31GHz, but the fmax
values were lower (27.5GHz) due to loss-
es in the silicon. Because these losses
increased as drain source voltages rose
above 15V, this voltage was used for 
characterisation.
Using a 28% aluminium content AlGaN
capping layer, devices have been tested
at 2 & 5GHz with 50Ω matching and a
power density of 3.3W/mm was
obtained at 2GHz.A single stage amplifi-
er achieved an absolute power output of
3.1 watts and by series connection a lin-
ear gain as high as 23dB was measured.
Single stage modules operating at 5GHz
gave 3.1 W/mm output power, a pre-
sumed indication that this design has the
potential for useful operation at even
higher frequencies.
Materials Update
The quality and size availability of III-
nitride substrates is a story of steady
improvement over the years, but still
much too slow a process for most device
growers.To fabricate low cost devices,
wafer costs are also a very important con-
sideration, especially for the most desir-
able compound semiconductor substrates
(still reported to be more than $1000 per
2" wafer for silicon carbide [SiC], gallium
nitride and aluminium nitride [AlN]).
The outlook for GaN wafer production is
improving with three producers in the
US receiving government support and a
similar number of companies operating
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overseas.AlN is the less mature relative
with sub-15mm product being the state
of the art a couple of years ago. However
according to John Blevins from the AFRL,
25mm AlN is now available, with a matu-
rity similar to that of SiC of fifteen years
ago. DARPA funding for this is viewed a
necessity because of its applicability to
high speed, high power devices and for
UV applications.
With, 3" SiC wafers now available from all
US suppliers and limited quantities of 4"
SiC being available from such companies
as Bandgap, Cree, Dow, Intrinsic and II-VI,
the US supply situation is vastly improved.
So much so, that DARPA is reducing the
funding for SiC process development.
Overseas suppliers of SiC are Nippon,
Okmetic, SiCrystal and Sixon. Low
micropipe densities have been reported
for 4" (22 micropipes per wafer) and will
be adequate for some devices, but there
are still some challenges remaining for SiC
wafers. Zero micropipe substrates will be
needed to improve the yields of power
devices such as switches and other large
SiC chips, along with semi-insulating
ingots from seed to tail, subsurface dam-
age, better surface quality for MBE layer
growth. John foresees a cost of $1000 per
4" wafer as a key enabler to volume pro-
duction of low cost SiC based devices.
According to some industry sources, one
of these goals (zero micropipe densities)
should be achieved in 2005.
One more indication of confidence in
the future of nitride devices, was provid-
ed by Mike Barsky from Northrop
Grumman who stated that their Space
Technology Group was committed to
GaN for DOD systems and were evaluat-
ing both MOCVD and MBE processes.
With the delivery of a multi-wafer MBE
system, they will have both single and
multi-wafer capacity available for both
processes. During evaluation of the MBE
process it was found that better growth
temperature control was needed for
reproducible device performance, requir-
ing the installation of dual zone heaters.
Using the MOCVD process, 17GHz
(±2.8%) HEMTs were fabricated with
transconductances of 269 mS/mm.The
HBT devices, with thicker layers, were
not as process sensitive.
AlGaN/GaN HEMTs and HBTs are the
main devices of interest using SiC sub-
strates with an AlN buffer in both cases.
For satellite communications applica-
tions, size, cost and power are important.
The Space Technology Group is anticipat-
ing a 50% reduction in cost, size and
weight and a 40% improvement in relia-
bility as the new GaN based circuits
become commercially available and
replace travelling wave tube based sys-
tems and silicon LD-MOS amplifiers.
From the data presented, the MOCVD
processed devices appeared to have bet-
ter characteristics and reproducibility,
but Mike noted that no process selection
has been made to date.
The production of high performance
devices on 3" substrates was reported by
Karin Boutros from Rockwell Scientific.
GaN HEMTs were MOCVD grown on
semi-insulating SiC wafers. 2-finger 200
micron wide devices with 180nm gates
were recently reported with average fts
of 70GHz and fmaxs of 120GHz across the
wafer. Power levels of 2.8W/mm were
measured at 48GHZ and 3.4 W/mm at
38GHz.The capacity of this process was
stated to be 50 wafers per week.
To SiGe or not to SiGe
According to its proponents, the silicon-
germanium (SiGe) materials system will
wipe out the gallium arsenide (GaAs)
industry in the near term. However, in
reality this would appear to be a low
probability scenario because of several
factors in favour of GaAs.These are the
ability of GaAs to form some of the best
low noise amplifiers and power ampli-
fiers available that can also be fabricated
from thicker epitaxial layers and larger
gate widths (also leading to higher break-
down voltages) than for equivalent SiGe
devices.Additionally, the cost of GaAs
devices made on larger diameter wafers
appear to be quite competitive with SiGe
devices. However, SiGe should continue
to command an expanding share of the
high frequency device markets due to its
ease of integration with silicon. But, as
opposed to eating up GaAs application
slots, most this expansion could be at the
expense of silicon slots that would be
opening up as silicon line widths contin-
ue to diminish, and allowing silicon
devices to operate at higher frequencies,
albeit from a brute force scaling of sili-
con and SiGe MOSFETs.To support this
reasoning, Jerry Woodhall from Yale
University reports that silicon and SiGe
MOSFETs can only reach 100GHz fre-
quencies at gate lengths well below
100nm and SiGe HBTs require sub-
200nm to attain 100GHz, whereas only
500nm line widths are needed for
100GHz III-V devices.
SiGe HBTs with fmaxs of hundreds of giga-
hertz have been reported and long recom-
mended for future ultra-high speed appli-
cations, however they will be straining the
limits of device layer thicknesses and line
widths and do not appear to offer practi-
cal teraherz (1000 GHz) capabilities.
However, Jerry is developing solutions to
this future need and III-V compound semi-
conductors appear to have the practical
answer in indium arsenide (InAs).This
compound has a high electron mobility
and its theoretical saturation  velocity is
about 20x that of silicon. Jerry's modelling
for an npn InAs HBT indicates that it could
approach THz fmaxs with reasonable emit-
ter base dimensions of 0.5 micron and a
4.0 micron collector base (0.5 x 4.0).This
model also predicts a 3 THz fmax device
from a 100nm gate transistor.
To support the future integration of InAs
circuits with silicon, his Lab is develop-
ing high quality InAs epitaxy on non-lat-
tice matched GaP substrates.The latter
being inexpensive and available in high
quality and in semi-insulating formats
with resistivities exceeding 10E14 Ω/cm.
His proposition is that in the future,
chips made from faster materials may
offer better manufacturability and price
performance than nano-scaled silicon for
frequencies in the high gigahertz and
ranges. Research on InAs on GaP includ-
ing graded substrates, is already in
progress at the Yale Laboratory and the
US Government is funding InAs transistor
research in other laboratories, govern-
ment, industrial and university.
